While Ras activation has been shown to play an important role in signal transduction by the T-lymphocyte antigen receptor, the mechanism of its activation in T cells is unclear. 
Many signal transduction pathways induced by cell surface receptors, including the T-lymphocyte antigen receptor (TCR), involve activation of the small guanine nucleotidebinding protein Ras (1) . These receptors, by association with the adaptor molecules Grb-2 and Shc, can activate Ras by membrane recruitment of the guanine nucleotide exchange factor (GEF) Sos. Here at the membrane, in close proximity to its substrate, Sos activates Ras by catalyzing the exchange of GDP for GTP (2) (3) (4) (5) (6) (7) . This is followed by membrane recruitment and activation of the serine/threonine kinase Raf and subsequent activation of the mitogen-activated protein kinase cascade (8) (9) (10) . After stimulation of the antigen receptor in T lymphocytes, Ras may be activated by a protein kinase Cdependent inactivation of a Ras guanine nucleotide-activating protein, as well as by a protein kinase C-independent mechanism involving tyrosine kinases (11) . Although the formation of a Sos-Grb2-Shc-TCR C chain complex has been detected after T-cell activation (12) , the precise mechanism of Ras activation in T lymphocytes and the role of GEFs is not clear.
Studies of Ras, other Ras-related GTP-binding proteins, and their respective GEFs have been hampered by the absence of conditional alleles that permit the temporal dissection of events following guanine nucleotide-binding protein activation in mammalian cells. While both dominant-negative and constitutively active alleles have been defined for Ras, putative feedback regulation and the prolonged period of their activation have confounded interpretation. To avoid these difficulties, we 
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plasmid DNAs using LipofectAmine (GIBCO/BRL) on coverslips. Twenty-four hours after transfection, cells were fixed with 4% (vol/vol) paraformaldehyde for 15 min, permeabilized with 0.1% Triton X-100 for 5 min, and stained with 12CA5 primary antibody followed by rabbit anti-mouse fluorescein isothiocyanate-conjugated secondary antibody (PharMingen). Immunofluorescence was visualized using confocal microscopy.
RESULTS
Membrane Localization of Sos in T Lymphocytes. Suggestive evidence that membrane localization of Sos can activate signaling in T cells was obtained by fusing the v-src myristoylation sequence N-terminal to the coding region of Sos (MSosE; Fig. 1A) . A control vector encoding soluble Sos (SSosE) was also constructed in which the myristoylation sequence was eliminated. Localization of the soluble and myristoylated Sos protein was confirmed in COS cells by confocal microscopy. Expression of the soluble Sos construct was localized exclusively in the cytosol (Fig. 2 A and B) . As expected, myristoylation of Sos resulted in localization predominantly at the plasma membrane ( Fig. 2 C and D) . To assess the role of Sos localization in signaling, these molecules were cotransfected into a human T-cell line (Jurkat-TAg) with a SEAP reporter gene under the control of an NF-ATresponsive promoter element (14) . The NF-AT transcription complex responds to signaling through the TCR as well as by pharmacological agents such as phorbol ester and ionomycin, a calcium ionophore, which synergize to activate NF-ATdependent transcription, as reviewed in ref. 18 . Transfection of a constitutively active calcineurin can functionally replace calcium-dependent events (14, 17) , whereas expression of constitutively active Ras (v-Ha-Ras) can bypass the need for phorbol ester (19) cells (Fig. 1B) . Similar results were obtained with these constructs in activating transcription of an AP-1-dependent reporter gene independent of phorbol ester stimulation (data not shown). The signaling induced by expression of myristoylated Sos was inhibited by cotransfection of dominant-negative N17Ras (Fig. 1B) . These data are consistent with the idea that signaling by membrane-bound Sos is mediated by activation of the Ras pathway. Constitutively active Ras and myristoylated Sos also synergized with constitutively active calcineurin to activate NF-AT in the absence of any additional stimulation (Fig. 1C) , indicating that Sos functions exclusively on the Ras-dependent pathway of NF-AT activation. Myristoylated Sos was inactive without either ionomycin stimulation or cotransfection of the calcineurin gene (data not shown). These data are consistent with recently published observations that membrane localization of full-length Sos (20) and the catalytic domain of Sos (21) in fibroblasts also activates Rasdependent signaling.
To investigate the specificity of Sos for Ras activation in T cells, we compared the activity of Sos to that of the Dbl oncoprotein, a GEF specific for members of the Rho/Rac subfamily of small GTP-binding proteins (22) (23) (24) . In addition, we investigated the activity of the product of the Vav protooncogene (25), a hematopoietic-specific protein implicated in a variety of signal transduction pathways (reviewed in ref. 26) . Vav was of particular interest since it has been shown to be tyrosine phosphorylated after TCR activation (27) , and some reports suggest that it exhibits a Ras-specific GEF activity (28) . This is unexpected as the catalytic domain of Vav is homologous to the Rho/Rac family of exchange factors (29) and exhibits transformation with phenotypic changes similar to RhoA and Dbl and distinct from Ras (30, 31) . As expected, myristoylated Dbl was unable to activate the Ras-dependent pathway in T-cell activation (Fig. 1D) , indicating that specificity for Ras by a membrane-targeted GEF is essential. Interestingly, expression of the wild-type soluble Vav protooncogene (ScVavE) activated NF-ATdependent transcription in the absence of ionomycin or PMA to levels -15% of maximal stimulation (Fig. 1D) , indicating that in contrast to Sos, its overexpression alone provides a weak but sufficient signal for NF-AT-directed transcription. Myristoylated Vav (McVavE) did not activate NF-ATdependent transcription in thp absence of ionomycin. As the McVavE protein appeared to be less stable than ScVavE (Fig. 1D Inset) , the lowered activity of myristoylated Vav may simply be the result of lower protein expression. These results indicate that Vav plays a role in TCR signaling, manifested by NF-AT-dependent transcription, but that its role appears to be distinct from that of Sos.
The Role of Grb-2 in Ras Activation. To eliminate Grb-2 interaction with myristoylated Sos while maintaining an intact Sos C-terminal domain, the two proline-rich sequences found to be essential for Grb-2 interaction (32) were mutated (Fig. 3A) . MSosE immunoprecipitates were analyzed for Grb-2 coimmunoprecipitation by Western blotting. Mutation of the consensus sequence at residues 1147-1156 reduced constitutive Grb-2 binding by -50%, whereas an additional mutation of the site at residues 1290-1295 eliminated detectable Grb-2 interaction (Fig. 3B) . This is consistent with the observation that a high-affinity Grb-2-Sos interaction requires the coordinate binding of both Grb-2 Src homology domains (32) . To identify the role of Grb-2 interactions with Sos, these myristoylated Sos mutants were assayed for their ability to activate Ras-dependent signaling Using PCR-mediated site-specific mutagenesis, proline-rich sequences were changed to alanine residues as illustrated to abolish the consensus for Src homology 3 binding. The altered versions of Sos were cloned into the vector described in Fig. 1 -2) . (C) Activity of membrane-bound Sos is independent of interaction with Grb-2. Cells were cotransfected with NF-AT-SX and the illustrated mutants. Stimulation with ionomycin and analysis for SEAP activity were done as described in Fig. 1 Proc. Natl. Acad. Sci. USA 92 (1995) 9813 in T cells. The elimination of Grb-2 interaction had no effect on membrane-bound Sos signaling (Fig. 3C) Sos by the addition of a myristoylation sequence may activate its GEF activity by inducing a fortuitous conformational change. To avoid these objections, we devised a conditional allele of Sos in which membrane localization is induced with a rationally designed CID, FK1012, thereby mimicking the role of Grb-2 in membrane recruitment of Sos (Fig. 4A ). This allele of Sos was designed by modifying a technique recently developed to induce intracellular oligomerization of cell surface receptors (15, 16) . Soluble Sos was fused to three domains of FKBP12 (SF3SosE) and coexpressed in Jurkat-TAg cells with membrane-bound myristoylated FKBP12s (MF3E). Addition of the CID FK1012 resulted in the localization of soluble Sos with membrane-bound FKBP12s and the activation of Ras (Fig. 4B) . Fusion of fewer FKBP12s on the myristoylated sequence at the membrane or on Sos resulted in less optimal membrane localization (data not shown). The activation induced by Sos recruited to the membrane by FK1012 was inhibited by the coexpression of a dominant-negative Ras (Fig.  4C) . These data provide compelling evidence that the signal induced by the addition of the CID FK1012 is indeed due to the activation of Ras-dependent signaling and that targeting Sos to the plasma membrane per se facilitates the activation of Ras. Previous work in fibroblasts has indicated that Sos exists prior to stimulation in a previously existing complex with Grb-2, suggesting that localization of Grb-2 to the membrane might also recruit Sos and activate Ras-dependent signals. To assess this possibility in T cells, a modified human Grb-2 molecule containing three tandom copies of the FKBP12 module SF3GrbE was generated. Cells were cotransfected with MF3E and SF3GrbE and treated with FK1012 to recruit the modified Grb-2 to the membrane in the presence of ionomycin. In contrast to membrane recruitment of Sos, this localization of Grb-2 to the membrane did not activate Rasdependent signal transduction in T cells (Fig. 4D) . Placing the FKBP12 module C-terminal to Grb-2 (SGrbF3E) or constitutive localization of Grb-2 to the membrane by addition of an N-terminal myristoylation sequence (MGrbE) likewise did not activate Ras (data not shown). These results suggest that another level of regulation exists in T-cell activation regulating Sos-Grb-2 interaction. Although these data do not rule out that modification of Grb-2 might prevent its interaction with Sos, this seems unlikely, as three separate modifications of Grb-2 did not result in Ras activation. 
DISCUSSION
A role for Ras in T-cell activation has been clearly established (33) ; however, the mechanism of its activation is unclear. Our studies indicate that at least one mechanism in T cells may be mediated by membrane recruitment of Sos. A 36-to 38-kDa tyrosine phosphoprotein (34, 35) that is localized to the particulate fraction of cells has been found associated with Grb-2/Sos after TCR stimulation, and it may be responsible for the translocation of Grb-2/Sos to the membrane after receptor stimulation. Alternatively, recruitment of Sos to the membrane in T cells may be more complex than the localization of a preformed Grb-2-Sos complex to the membrane demonstrated in fibroblasts. Recent work indicates that in T cells the interaction between Grb-2 and Sos may be inducible after activation of the antigen receptor (36) . This is consistent with our observation that membrane recruitment of Grb-2 alone, in both the constitutive and inducible systems, did not result in Ras activation. The possibility that Grb-2 induces a conformational change in Sos and thereby activates its catalytic activity is unlikely in light of the ability of MSosP1,2E to fully activate the Ras pathway. This is consistent with data indicating that Grb-2 binding to Sos in vitro has no measurable effect on guanine nucleotide exchange activity (37 The role of Grb-2 and the rationale for its insertion in the signaling pathway to mediate interaction between the growth factor receptor and Sos may initially be viewed as redundant. However, this form of inducible linker-mediated dimerization improves the biologic specificity of the interaction of receptor with Sos since specific contacts must be maintained on either side of Grb-2 to mediate a biologic response. To make a conditional allele of Sos, we have mimicked this natural form of linker-mediated dimerization by using a rationally designed CID to induce localization of Sos to the membrane, clearly demonstrating that recruitment of Sos alone to the membrane results in Ras activation. Inducible activation also minimizes compensatory or feedback signals that might result from prolonged activation of this pathway and will allow the temporal dissection of events following both the immediate and prolonged activation of Ras. In addition to the inducible activation of Ras demonstrated here, inducible regulation of members of the Src-like family of tyrosine kinases (42) by membrane localization has also been achieved, which illustrates the utility of CID-mediated protein localization in studying a variety of signal transduction events.
